Myelin formation of the CNS is a complex and dynamic process. Before the onset of myelination, oligodendrocytes (OLs), the myelinforming glia of the CNS, proliferate and migrate along axons. Little is known about the molecular mechanisms underlying the early myelination processes. Here, we show that platelet-derived growth factor (PDGF), the crucial physiological ligand in early OL development, controls the migration of oligodendrocyte precursor cells ( 
Introduction
Oligodendrocyte precursor cells (OPCs) are generated in the ventricular zones of the vertebrate CNS. OPCs then migrate long distances to their final destinations, where they extend branched processes and form myelin sheaths that wrap target axons to facilitate rapid axonal conduction (Lee et al., 2000; Bhat, 2003) . To migrate widely throughout the CNS, OPCs need to respond to various growth factors (Barres and Raff, 1999; Miller, 2002) . In the adult brain, OPCs may also be guided to sites of injury, where they contribute to myelin repair (Blakemore and Keirstead, 1999; Zhang et al., 1999) .
The extracellular soluble signals related to the processes of oligodendrocyte (OL) development are known to include platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), HGF (hepatocyte growth factor), IGF-I (insulinlike growth factor-I), GGFs (glial growth factors), and neurotrophic factors (Lee et al., 2000) . Among these, PDGF-AA is one of the key regulators of early OL development. PDGF is synthesized by neurons and astrocytes and interacts with the cognate PDGF receptor ␣ (PDGFR␣) on OPCs (Richardson et al., 1988; Yeh et al., 1991; Mudhar et al., 1993) . PDGF binding to PDGFR␣ mediates OPC proliferation, migration, and differentiation in vitro (Noble et al., 1988; Richardson et al., 1988) . These functions are supported by the observation that PDGF-A-deficient mice result in reduced numbers of mature OLs and hypomyelination (Fruttiger et al., 1999) . Although many studies have demonstrated the importance of PDGF in OL development, our knowledge of how PDGF regulates OL development, that is, its precise mechanisms and its functions, remains largely fragmentary.
Cell migration is a hallmark of development. The migration of cells in response to growth factors is a complex process that requires the acquisition of spatial and temporal polarities between the front and the rear of the cells. Lamellipodia and filopodia at the leading fronts extend the cells toward stimuli and organize new adhesions with the substratum. These events require dynamic rearrangements of actin cytoskeletons. Cyclin-dependent kinase 5 (Cdk5) is one such regulator. It belongs to the prolinedirected serine/threonine kinase family and is abundantly expressed in developing neuronal tissues. It is known that mice lacking Cdk5 exhibit a severely disrupted laminar structure of the cerebral cortex resulting from the inability of cortical neurons to migrate (Ohshima et al., 1996; Chae et al., 1997) , but the role of Cdk5 in CNS glial cells has not been well investigated.
The Wiskott-Aldrich syndrome protein (WASP) family consists of the WASP subfamily (WASP and N-WASP) and the WASP-family verprolin-homologous protein (WAVE) subfamily (WAVE1, WAVE2, and WAVE3) (Takenawa and Miki, 2001) . These proteins are composed of a basic region, a polyproline region, and a conserved verprolin homology, cofilin homology, and acidic domain (VCA) module. The VCA is the important module, because it is the module that functionally binds to actinrelated protein 2/3 (Arp2/3) and serves to scaffold monomeric actin. WASP family proteins are key regulators that link extracellular signals to actin reorganization. WASP and N-WASP specially bind to the Rho family small GTPase Cdc42 and control the formation of filopodia (Symons et al., 1996) , whereas WAVE proteins constitutively regulate the formation of lamellipodia and membrane ruffling through the Rho family small GTPase Rac (Miki et al., 1998) . WAVE1 knock-out mice exhibit severe deficits in learning and memory and prominent defects in CNS myelination (Dahl et al., 2003; Kim HJ et al., 2006) . Mice lacking WAVE2 exhibit impaired vascular endothelial cell migration, which results in a cardiovascular development defect (Yamazaki et al., 2003) . These observations in knock-out mice remind us of the relationship of WASP family proteins with OPC migration.
Because OPC migration precedes myelination, as noted above, it is worthwhile to identify the molecular mechanisms underlying the migration process. Thus, in the present study, we ask first whether Cdk5 participates in regulating OPC migration. We find that roscovitine, an inhibitor of Cdk5, dramatically inhibits PDGF-induced migration of primary OPCs. In addition, Cdk5 activity is increased by stimulation of OPCs with PDGF. We also demonstrate that the nonreceptor tyrosine kinase Fyn phosphorylates and activates Cdk5 after stimulation with PDGF. Furthermore, we demonstrate that Cdk5 regulates OPC migration through WAVE2 phosphorylation.
Materials and Methods
Materials. The following antibodies were purchased: anti-NG2 from Millipore Bioscience Research Reagents; anti-␤-actin from BD Biosciences PharMingen; anti-Cdk5 (C-8) anti-p35 (C-19), anti-Fyn (FYN3), anti-WAVE2 (H-110) (for immunoblot), and anti-WAVE2 (C-14) (for immunoprecipitation) from Santa Cruz Biotechnology; antiphosphorylated (Ser) Cdk, anti-phosphorylated mitogen-activated protein kinase (MAPK)/Cdk, and anti-phosphorylated Cdc2 (Tyr15) from Cell Signaling Technology; anti-Fyn (clone 1S) and anti-phosphorylated tyrosine (4G10) from Millipore; anti-green fluorescent protein (GFP) from MBL; anti-ZsGreen from Clontech Takara Bio; and horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary IgGs from GE Healthcare Bio-Sciences. The Alexa Fluor 488 anti-mouse IgG and Alexa Fluor 546 anti-rabbit IgG were obtained from Invitrogen. Recombinant mouse PDGFR␣-Fc chimera was obtained from R&D Systems. Roscovitine was purchased from Biomol. PP1 and PP3 were obtained from EMD Chemicals. Poly-L-lysine (PLL) was purchased from Sigma-Aldrich.
RNA preparation and reverse transcription-PCR analysis. Total RNA was prepared with Trizol (Invitrogen) reagent. The cDNAs were prepared from 1 g of total RNA with the Superscript III enzyme (Invitrogen), according to the manufacturer's instructions. PCR amplification was performed for the indicated number of cycles, each cycle consisting of denaturation at 94°C for 1 min, annealing at 59 -62°C (depending on Tm values of primer pairs) for 1 min, and extension at 72°C for 1 min at 40 cycles. The primers used were as follows: Fyn, 5Ј-ATGGGCTGTGTGCAAT-GTAAGGATAAAG-3Ј (sense) and 5Ј-TCACAGGTTTTCACCGGGGC-3Ј (antisense); Src, 5Ј-ATGGGCAGCAACAAGAGCAAGCC-3Ј(sense) and 5Ј-CTATAGGTTCTCCCCGGGCTG-3Ј (antisense); Lyn, 5Ј-ATGGGAT-GTATTAAATCAAAAAGGAAAGACAATCTGAATG-3Ј (sense) and 5Ј-CTATGGCTGCTGCTGATACTGC-3Ј (antisense); Yes, 5Ј-ATGGGCTG-CATTAAAAGTAAAGAAAAC-3Ј (sense) and 5Ј-TTATAAATTTTCTC-CTGGTTGGTACTG-3Ј (antisense); WAVE1, 5Ј-ATGCCGCTGGTGAA-AAGAAACATCGAC-3Ј (sense) and 5Ј-CATCTGACTGAATGGCAAG-GCAG-3Ј (antisense); WAVE2, 5Ј-ATGCCCTTAGTAACCAGGAACAT-CGAG-3Ј (sense) and 5Ј-GGAGGCAGAGTCCGACTG-3Ј (antisense); WAVE3, 5Ј-ATGCCTTTAGTGAAGAGGAACATTGAACC-3Ј (sense) and 5Ј-CGGCTGTACTTGCAAAGCGTG-3Ј (antisense); ␤-actin, 5Ј-AT-GGATGACGATATCGCTGCGCTC-3Ј (sense) and 5Ј-CTAGAAGCATT-TGCGGTGCACGATG-3Ј (antisense).
Plasmids. The region encoding rat WAVE2 protein was amplified by reverse transcription (RT)-PCR from rat OL total RNA and ligated into the mammalian pRetroX-IRES-ZsGreen1 vector (Clontech Takara Bio) or pLEGFP-C1 vector (Clontech Takara Bio). The construct of WAVE2 harboring the Ser-137-to-Ala mutation or Ser-137-to-Glu mutation was created from pRetroX-IRES-ZsGreen1-WAVE2 or pLEGFP-C1-WAVE2 by Pfu-based PCR using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The WAVE2 fragment cDNAs, SH (amino acids 1-170), proline (amino acids 171-284), and VCA (amino acids 285-498), were inserted into pLEGFP-C1. All sequences were confirmed by ABI automatic sequencers.
The plasmid encoding sequences for short-hairpin RNAs. The oligonucleotides used were as follows: Cdk5 (starting from nucleotide 531 of rat Cdk5) sense oligonucleotide, 5Ј-GATCCGCTGTACTCCACGTCCATCT-TCAAGAGAGATGGACGTGGAGTACAGCTTTTTTACGCGTG-3Ј; Cdk5 antisense oligonucleotide, 5Ј-AATTCACGCGTAAAAAAGCTGTACTC-CACGTCCATCTCTCTTGAAGATGGACGTGGAGTACAGCG-3Ј; p35 (starting from nucleotide 811 of rat p35) sense oligonucleotide, 5Ј-GATCCGATGCTGCAGATCAATGCTTTCAAGAGAAGCATTGATC-TGCAGCATCTTTTTTACGCGTG-3Ј; p35 antisense oligonucleotide, 5Ј-AATTCACGCGTAAAAAAGATGCTGCAGATCAATGCTTCTCTTG-AAAGCATTGATCTGCAGCATCG-3Ј; p39 (starting from nucleotide 705 of human/mouse/rat p39) sense oligonucleotide, 5Ј-GATCCCCTGGTGT-TCGTGTACCTGTTCAAGAGACAGGTACACGAACACCAGGTTTTTT-ACGCGTG-3Ј; p39 antisense oligonucleotide, 5Ј-AATTCACGCGTA-AAAAACCTGGTGTTCGTGTACCTGTCTCTTGAACAGGTACACGAA-CACCAGG-3Ј; Fyn (starting from nucleotide 283 of rat Fyn) sense oligonucleotide, 5Ј-GATCCGCACGGACAGAAGATGACCTTCAAGAGAGG-TCATCTTCTGTCCGTGCTTTTTTACGCGTG-3Ј; Fyn antisense oligonucleotide, 5Ј-AATTCACGCGTAAAAAAGCACGGACAGAAGATGAC-CTCTCTTGAATGGTAAGTGTGGTTTCCAGCG-3Ј; Yes (starting from nucleotide 263 of mouse/rat Yes) sense oligonucleotide, 5Ј-GATCCG-CAGGTGGTGTCACTATATTTTCAAGAGAAATATAGTGACACCACC-TGCTTTTTTACGCGTG-3Ј; Yes antisense oligonucleotide, 5Ј-AAT-TCACGCGTAAAAAAGCAGGTGGTGTCACTATATTTCTCTTGAAAA-TATAGTGACACCACCTGCG-3Ј; WAVE1 (starting from nucleotide 492 of human/mouse/rat WAVE1) sense oligonucleotide, 5Ј-GATCCGATGT-TGCAAGATACAGAGTTCAAGAGACTCTGTATCTTGCAACATCTTT-TTTACGCGTG-3Ј; WAVE1 antisense oligonucleotide, 5Ј-AATTCAC-GCGTAAAAAAGATGTTGCAAGATACAGAGTCTCTTGAACTCTGTA-TCTTGCAACATCG-3Ј; WAVE2 (starting from nucleotide 265 of human/ rat WAVE2) sense oligonucleotide, 5Ј-GATCCGTGTCACTGCAAG-GAATCATTCAAGAGATGATTCCTTGCAGTGACACTTTTTTACGCG-TG-3Ј; WAVE2 antisense oligonucleotide, 5Ј-AATTCACGCGTAA-AAAAGTGTCACTGCAAGGAATCATCTCTTGAATGATTCCTTGCAG-TGACACG-3Ј; WAVE3 (starting from nucleotide 180 of human/rat WAVE3) sense oligonucleotide, 5Ј-GATCCGCAACTTCTACATCAGAGCATTCAA-GAGATGCTCTGATGTAGAAGTTGCTTTTTTACGCGTG-3Ј; WAVE3 antisense oligonucleotide, 5Ј-AATTCACGCGTAAAAAAGCAACTTCTACAT-CAGAGCATCTCTTGAATGCTCTGATGTAGAAGTTGCG-3Ј; luciferase sense oligonucleotide, 5Ј-GATCCGGCCATTCTATCCTCTAGAGTTCA-AGAGACTCTAGAGGATAGAATGGCCTTTTTTAGATCTC-3Ј; and luciferase antisense oligonucleotide, 5Ј-AATTCAGATCTAAAAAAGGC-CATTCTATCCTCTAGAGTCTCTTGAACTCTAGAGGATAGAATGGC-CG-3Ј. These nucleotide segments do not have any significant homology to mammalian gene sequences. The sense oligonucleotides for Cdk5, p35, p39, Fyn, Yes, WAVE1, WAVE2, WAVE3, and luciferase were each an-nealed with their corresponding antisense oligonucleotides. The annealed duplexes were ligated into the pSIREN-RetroQ-ZsGreen plasmid.
Cell culture. OPCs were isolated from day 16 embryos of Sprague Dawley rats, as previously described (Miyamoto et al., 2007) . Briefly, cerebral cortices were dissected, dissociated with 0.25% trypsin (Invitrogen), triturated, and passed through 70 m pore-size meshes. Cells were then collected, resuspended in MEM containing 10% FBS, 50 U/ml penicillin, and 50 g/ml streptomycin, and seeded on PLL-coated dishes. After two such passages, the cells were cultured on noncoated Petri dishes (Barloworld Scientific). On the second day of culture, the medium was changed to DMEM-based serum-free medium with N-2 supplement (Invitrogen), 100 g/ml BSA (Sigma-Aldrich), 60 g/ml N-acetyl-Lcysteine (Sigma-Aldrich), 1 ng/ml forskolin (Sigma-Aldrich), 5 ng/ml neurotrophin-3 (Peprotech), 10 ng/ml bFGF (Peprotech), and 10 ng/ml PDGF-AA (Peprotech). The cells were cultured for an additional 2 d, then used as OPCs. Human epithelial 293T cells were cultured in DMEM containing 10% FBS, 50 U/ml penicillin, and 50 g/ml streptomycin. OPCs were pretreated with PP1 (10 M, 1 h), PP3 (10 M, 1 h), or roscovitine (10 M, 1 h) before stimulation with PDGF (10 ng/ml, 0 -1440 min). To confirm cell viability under these experimental conditions, OPCs and 293T cells were stained with 0.4% trypan blue. Trypan blue-incorporating cells numbered Ͻ2% in each experiment.
Transfection. The retroviral expression vectors and the envelope expression vector pVSV-G were cotransfected into GP2-293 cells with the Calcium Phosphate Transfection Kit (Clontech Takara Bio), as previously described (Miyamoto et al., 2007) . Briefly, at 2 d after transfection, the culture supernatants were centrifuged at 10,000 rpm for 8 h to concentrate the recombinant viruses. The virus pellets were suspended in culture medium and used to infect purified OPCs. At 1 d after infection, OPCs were used in migration assays. Plasmid DNAs were transfected into 293T cells by the Calcium Phosphate Transfection Kit.
Migration assay using reaggregated OPCs. To mimic physiological conditions, OPC migration was measured using reaggregated OPCs (Yamauchi et al., 2004) . The retrovirus-infected or noninfected OPC reaggregates were formed by plating OPCs on Ultra Low Attachment dishes (Corning) for 5-6 h. The reaggregated OPCs were then plated onto PLL-coated dishes in the presence or absence of 10 ng/ml PDGF with 10 ⌴ AraC. After incubation at 37°C for 16 h, OPCs were fixed with 4% paraformaldehyde, blocked, and immunostained. The images were captured with a TE-300 fluorescence microscope system (Nikon) or a DMI4000B fluorescence microscope system (Leica). The distance of migration was calculated by measuring the change in size of the reaggregates over time, subtracting the average initial size of the reaggregates, and dividing the remaining distance in half. More than five aggregates per dish were measured in two independent experiments.
Boyden chamber migration assay. Cell migration was routinely measured using a 24-well Boyden chamber (BD Biosciences), as previously described (Yamauchi et al., 2004) . Polyethylene terephthalate (8 m pore size) filters were coated with PLL. OPCs (2 ϫ 10 5 cells for noninfected cells; 1 ϫ 10 6 cells for infected cells) in 500 l of media per well were loaded into the upper chambers, which were inserted into the tissue culture wells, each of which contained 500 l of media either with or without 10 ng/ml PDGF and 10 M AraC per well. After incubation at 37°C for 16 h, the filters were stained with Giemsa solution or fixed with paraformaldehyde to detect cells expressing GFP. The number of migrating cells, either stained or GFP-fluorescent, at the bottom surface of the filters was counted at four fields per filter in two independent experiments.
Immunofluorescence. OPCs were fixed in 4% paraformaldehyde in PBS for 8 min at room temperature. The fixed cells were permeabilized and blocked in PBS containing 20% normal goat serum and 0.1% Tween 20 for 1 h at room temperature. Blocked cells were incubated with primary antibodies overnight at 4°C. Unbound primary antibodies were removed by washing three times with PBS containing 0.05% Tween 20. Washed cells were then incubated with secondary antibodies at room temperature for 1 h. After three rinses with PBS containing 0.05% Tween 20, cells were mounted on a Vectashield (Vector Laboratories) and observed under a microscope.
Immunoprecipitation and immunoblotting. Cells were lysed in lysis buffer (50 mM HEPES-NaOH, pH 7.5, 20 mM MgCl 2 , 150 mM NaCl, 1 mM dithiothreitol, 1 mM phenylmethane sulfonylfluoride, 1 g/ml leupeptin, 1 mM EDTA, 1 mM Na 3 VO 4 , 10 mM NaF, and 0.5% NP-40) and centrifuged as previously described (Miyamoto et al., 2006) . Aliquots of the supernatants were mixed with a protein G resin preabsorbed with various antibodies. The immunoprecipitates or the proteins in the cell lysates were denatured and then separated on SDS-polyacrylamide gels. The electrophoretically separated proteins were transferred to polyvinylidene difluoride membranes, blocked, and immunoblotted. The bound antibodies were detected using the ECL system (GE Healthcare). Captured band images were analyzed with ImageJ software (available from http:// rsb.info.nih.gov/ij/). At least three separate experiments were performed, and a representative experiment is shown in the figures. Cdk5 kinase assay. Immunoprecipitated Cdk5 was incubated with 100 ng/l histone H1 as the substrate in 30 l of reaction buffer (20 mM HEPES-NaOH, pH 7.5, 1 mM dithiothreitol, 10 mM NaF, 0.1 mM phenylmethane sulfonylfluoride, 0.1 g/ml leupeptin, and 0.1 mM EDTA) containing 20 M ATP at 30°C for 30 min and then chilled on ice. The supernatants were collected and immunoblotted with an antiphosphorylated MAPK/Cdk antibody. At least three separate experiments were performed. The band intensity was also quantified. A representative experiment is shown in the figure.
In vitro WAVE2 phosphorylation reaction. Immobilized WAVE2 proteins were incubated with 100 ng/l recombinant Cdk5/p25 protein (Millipore) in 30 l of reaction buffer containing 20 M ATP at 30°C for 15 min and then chilled on ice. The immobilized phosphorylated WAVE2 was washed with reaction buffer and immunoblotted with an anti-phosphorylated Cdk antibody. At least three separate experiments were performed. The band intensity was also quantified. A representative experiment is shown in the figure.
Statistical analysis. Values shown represent the mean Ϯ SD from separate experiments. Student's t test was performed for intergroup comparisons (*p Ͻ 0.01).
Results

Cdk5 mediates PDGF-induced migration of oligodendrocyte precursor cells
OPCs arise from the ventricular zone, which in an earlier developmental stage generates neuronal precursors. OPCs then migrate dorsally and ventrally, and finally differentiate into OLs (Lee et al., 2000; Bhat, 2003) . OPC migration is known to be regulated by many growth factors secreted from neurons (Barres and Raff, 1999; Miller, 2002) . In an attempt to study whether these factors are involved in OPC migration, we first used conditioned media from cortical neurons and measured OPC migration from the reaggregates. Figure 1 , A and B, illustrates that conditioned media from cortical neurons stimulated OPC migration so that it increased ϳ2.5-fold, suggesting that relevant growth factors may be contained in the conditioned media.
We suspected that one of these growth factors was PDGF. In the CNS, PDGF is known to regulate many aspects of OL development and to maintain OPCs in a bipolar migratory state. Active PDGF is composed of homodimers or heterodimers of the PDGF-A or -B chain. PDGF-A is synthesized by neurons as well as by astrocytes, whereas PDGF-B is produced by capillary endothelial cells. PDGF binds and activates two cognate high-affinity cell-surface receptors, namely, PDGFR␣ and PDGFR␤. . OPCs mainly express PDGFR␣, which is activated by all three dimeric isoforms of PDGF (AA, AB, and BB) (Pringle et al., 1989) . To determine whether PDGF in the conditioned media from cortical neurons is actually the factor that controls OPC migration, we added the PDGF scavenger PDGFR␣-Fc to the conditioned media. Removal of PDGF with PDGFR␣-Fc resulted in the inhibition of OPC migration by ϳ40% (Fig. 1 A, B) , suggesting that PDGF is indeed a factor that regulates OPC migration under our experimental conditions.
To confirm that PDGF induces OPC migration, we performed migration assays using the reaggregates with recombinant PDGF-AA. As shown in Figure 1 , C and E, PDGF increased OPC migration ϳ5.0-fold. To avoid any effects of PDGF on OPC proliferation, AraC (10 M) was simultaneously added into the normal medium during the migration assay using PDGF. Under these conditions, we observed that Ͻ2% of cells incorporated trypan blue. The effect of the addition of PDGF on OPC migration was much greater than that of the addition of conditioned media. This observation might be attributable to the presence of numerous factors in conditioned media, each of which may influence migration positively or negatively.
We next checked whether PDGFR␣-Fc is specific for the PDGF activity. As shown in Figure 1C -E, PDGFR␣-Fc specifically inhibited PDGF-induced migration, but did not inhibit migration induced by bFGF, another growth factor known to stimulate OPC migration (Mckinnon et al., 1990 ). In addition, most of the cells in reaggregates were positively stained with an antibody against NG2, which recognizes bipolar migratory OPCs (Fig. 1 F) . Together, these results suggest that endogenous PDGF can promote migration of OPCs.
Because Cdk5 plays a critical part in neuronal migration (Ohshima et al., 1996; Chae et al., 1997) , we asked whether Cdk5 is involved in PDGF-induced OPC migration as well. In migration assays using OPC reaggregates, roscovitine, an inhibitor of Cdk5, significantly reduced PDGFinduced migration (Fig. 2 A, B) . To further examine the role of Cdk5 in PDGFinduced OPC migration, we performed migration assays using a Boyden chamber. OPCs were plated on the filters in the upper wells and allowed to migrate out into the lower chambers through 8 m pores. PDGF was placed in the lower wells of the Boyden chambers, forming a concentration gradient that extended into the upper wells. As shown in Figure 2 , C and D, stimulation with PDGF promoted OPC migration ϳ2.0-fold. This effect was blocked by roscovitine (Fig. 2C,D) . This outcome is consistent with the results from our reaggregate migration assay.
We next infected OPCs with a retrovirus expressing both GFP and a shorthairpin RNA (shRNA) sequence targeting Cdk5 or its activator p35 (Tsai et al., 1994) . The expression of Cdk5 or p35 was specifically downregulated by infection with each shRNA, whereas expression of control proteins was unaffected (Fig. 2 E) . Knockdown of Cdk5 blocked PDGFinduced migration from OPC reaggregates (Fig. 2 F, G) . Consistently with this result, infection of an shRNA for Cdk5 also blocked OPC migration in Boyden chambers (Fig. 2 H, I ). However, knockdown of p35 had less of an inhibitory effect on PDGF-induced migration (Fig. 2 J, K ) . p39 is another Cdk5 regulator isolated from a hippocampus library (Tang et al., 1995) . p39-deficient mice do not exhibit detectable abnormalities in neuronal positioning in the nervous system, whereas p35 and p39 double knock-out mice display phenotypes that are identical to those of Cdk5 knock-out mice in terms of their neuronal compartments (Ko et al., 2001) . Thus, to further elucidate whether p39 is involved in PDGF-induced migration, OPCs were infected with an shRNA for p39. Expression of p39 was specifically downregulated by infection with its shRNA, whereas expression of control proteins was unaffected (Fig. 2 N) . Knockdown of p39 partially inhibited PDGF-induced OPC migration in the Boyden chamber (Fig. 2 L, M ) , implying that p39 is one candidate for Cdk5 activator in PDGF-dependent OPC migration. Because the inhibitory effect of the p39 shRNA was only partial, there might be one or more different primary regulator(s) in the signaling pathway controlling OPC migration by PDGF. Thus, these results hint at the existence of another possible activator of Cdk5 in OPC migration and provide the rationale and the impetus for subsequent experiments.
Furthermore, to clarify whether Cdk5 is activated by PDGF in Figure 1 . PDGF promotes migration from OPC aggregates. A, B, OPC reaggregates were placed onto PLL-coated dishes and incubated with normal medium or conditioned medium (CM) from cortical neurons containing 2 g/ml control IgG or PDGFR␣-Fc and 10 M AraC. After 16 h, OPC reaggregates were fixed and observed under phase-contrast microscopy. The distance of migration was measured. C-E, In the presence of control IgG or PDGFR␣-Fc, OPC aggregates were incubated with or without 10 ng/ml PDGF-AA or bFGF in the presence of 10 M AraC. After 16 h, reaggregates were fixed and observed under phase-contrast microscopy. Representative images of cells are shown. The distance of migration was measured. F, OPC reaggregates were stained with an antibody against NG2 (red) before or after 16 h of incubation with 10 ng/ml PDGF. The representative phase-contrast images (PH) and fluorescence images (NG2) are shown. Data were evaluated using Student's t test (*p Ͻ 0.01). OPCs, we measured the activity of Cdk5 using histone H1 as the substrate (Miyamoto et al., 2007) . Histone H1 was phosphorylated in a time-dependent manner after PDGF stimulation (Fig.  2O ). The level of phosphorylated histone H1 reached its maximum at 360 min, when it had increased ϳ13.0-fold (Fig. 2O) . Afterward, the Cdk5 activity gradually decreased, but could still be stimulated even after 24 h (Fig. 2O) , indicating the key role of Cdk5 activation in OPC migration.
Fyn kinase acts upstream of Cdk5 in PDGF-induced migration of oligodendrocyte precursor cells
Various extracellular signals initiate signal transduction cascades by activating the cytoplasmic Src family of nonreceptor tyrosine kinases. Src family tyrosine kinases are important regulators of many cellular events such as proliferation, adhesion, migration, and differentiation (Thomas and Brugge, 1997) . The Src family is composed of nine members, and some of its kinases, namely, Src, Fyn, Lyn, and Yes, are expressed in the brain (Thomas and Brugge, 1997) . Among them, Fyn kinase is the only Src family tyrosine kinase that is upregulated during OL differentiation (Osterhout et al., 1999) . Fyn kinase is also known to be the regulator of myelination in the CNS (Umemori et al., 1994) . Thus, it is conceivable that Fyn kinase may also regulate OPC migration preceding myelination. To find out, we treated OPCs with PP1, the specific inhibitor of Src family tyrosine kinases. Figure 3A shows that PP1 abolished PDGF-induced OPC migration. On the other hand, PP3, a PP1 analog that is incapable of inhibiting Src family tyrosine kinases, had no effect on PDGF-induced migration (Fig. 3A) .
To compare the expression levels of the various Src family tyrosine kinases in OPCs, we analyzed the mRNA levels of Fyn, Src, Lyn, and Yes by RT-PCR. As we expected, a large amount of Fyn was expressed in OPCs, and small amount of Yes was expressed (Fig. 3B) . Lyn has been reported to be expressed in OPCs (Osterhout et al., 1999 ), but we failed to detect any expression of Lyn under our experimental conditions. Next, to clarify which Src-type nonreceptor tyrosine kinase is involved in PDGFinduced OPC migration, we infected our OPCs with an shRNA specifically targeting Fyn or Yes. Expression of Fyn or Yes was specifically downregulated by infection with its respective shRNA, whereas expression of control mRNAs was unaffected (Fig. 3C) . Knockdown of Fyn inhibited PDGF-induced migration in the Boyden chamber (Fig. 3 D, E) as well as from reaggregates (Fig. 3 F, G) . In contrast, infection with an shRNA for Yes did not have a significant effect on migration (Fig. 3H ) , suggesting that PDGF regulates OPC migration primarily through Fyn.
To examine whether PDGF stimulates the intrinsic activity of Fyn kinase, we measured autophosphorylation of Fyn kinase. OPCs were lysed, immunoprecipitated with an anti-Fyn antibody, and immunoblotted with an anti-phospho-tyrosine antibody. Fyn kinase was autophosphorylated in response to PDGF stimulation (Fig. 3I ) . The autophosphorylation levels of Fyn kinase began to increase at 30 min and reached a maximum at 360 min, having increased ϳ7.0-fold (Fig. 3I ) . The tyrosine phosphorylation of Fyn kinase was observed even after 24 h. Therefore, PDGF can stimulate Fyn kinase to promote OPC migration.
It has been reported that Fyn kinase phosphorylates Cdk5 at Tyr-15 to mediate semaphorin 3A-induced growth-cone collapse (Sasaki et al., 2002 ). Thus, we tested whether Fyn kinase phosphorylates Cdk5 after PDGF stimulation in OPCs. As shown in Figure 4 A, Cdk5 that was phosphorylated by Fyn kinase at Tyr-15 was observed in a time-dependent manner. The level of tyrosine phosphorylation reached a maximum at 360 min after the addition of PDGF, having increased ϳ9.0-fold (Fig. 4 A) . It remained activated for at least 24 h (Fig. 4 A) . We next examined whether Cdk5 phosphorylation at Tyr-15 is mediated by Fyn kinase. Treatment of OPCs with PP1 reduced both PDGF-induced phosphorylation of Cdk5 at Tyr-15 (Fig. 4 B) and the activation of Cdk5 (Fig. 4C) . Furthermore, to confirm the involvement of Fyn kinase in the phosphorylation and activation of Cdk5, we infected OPCs with an shRNA for Fyn. Consistently with the results of PP1 treatment, Fyn knockdown inhibited both Cdk5 phosphorylation at Tyr-15 (Fig. 4 D) and activation (Fig. 4 E) of Cdk5 induced by PDGF stimulation. These results indicate that PDGF promotes migration through a signaling pathway that depends on Fyn kinase, which is upstream of Cdk5.
WAVE2 is essential for oligodendrocyte precursor cell migration regulated by PDGF
When cells migrate, filopodia and lamellipodia are formed at their leading edge. Filopodia and lamellipodia are made up of actin filaments and are formed mainly through actin polymerization. WAVE proteins are key regulators of this actin polymerization via their direct interaction with the Arp2/3 complex. To date, three WAVE proteins have been characterized (Takenawa and Miki, 2001) . Because OPC migration involves dynamic morphological changes driven by actin cytoskeletal rearrangements, it is possible that WAVE proteins are also involved in PDGF-induced OPC migration. We first examined the expression profile of WAVE family proteins in OPCs. As shown in Figure 5A , all WAVE mRNAs, namely, WAVE1, WAVE2, and WAVE3, were detected in OPCs using RT-PCR.
Next, to clarify which WAVE protein or proteins participate in OPC migration, we infected OPCs with an shRNA targeting WAVE1, WAVE2, or WAVE3, to knock down expression of each endogenous protein. The expression of each WAVE mRNA was specifically downregulated by infection with its respective shRNA, whereas the expression of control molecules was unaffected, as detected by RT-PCR (Fig. 5B ). Using these specific shRNA constructs, we tested the effects on PDGF-induced OPC migration. Knockdown of WAVE2 completely blocked PDGFinduced OPC migration in Boyden chambers (Fig. 5C,D) as well as from reaggregated OPCs (Fig. 5 E, F ) . Knockdown of WAVE1 decreased migration in Boyden chambers by ϳ40% (Fig. 5C,D) . Infection with the WAVE3 shRNA, on the other hand, did not have an obvious effect on migration (Fig. 5C,D) . Because, as this shows, WAVE2 plays a primary role in OPC migration, we focused on WAVE2 and proceeded with our experiments.
Cdk5 phosphorylates Ser-137 of WAVE2
Biochemical and bioinformatics data show that WAVE2 possesses various phosphorylation sites of kinases responsible for the 4 (Figure legend continued.) chambers. The number of migrating cells was counted. N, The lysates from the infected OPCs were immunoblotted with an antibody against p39, Cdk5, or ␤-actin. O, Time course (0 -1440 min) of Cdk5 in OPCs incubation with PDGF was measured. Endogenous Cdk5 proteins were immunoprecipitated from the lysates of OPCs with an anti-Cdk5 antibody, incubated with ATP and histone H1 as the substrate, and immunoblotted with an antibody specific for a phosphorylated consensus-Cdk5 motif. The band intensity of phosphorylated histone H1 was quantified. The control ␤-actin is also shown. Data were evaluated using Student's t test (*p Ͻ 0.01).
regulation of actin-cytoskeletal-dependent cellular functions (Takenawa and Miki, 2001 ). Accordingly, we next asked whether Cdk5 could have the ability to phosphorylate WAVE2. Immobilized wild-type WAVE2 protein was incubated with recombinant Cdk5/p25, the activated form of Cdk5, and immunoblotted with an antibody that specifically recognizes the consensus phosphorylated Cdk5 target sequence. The addition of Cdk5/p25 resulted in phosphorylation of the WAVE2 protein (Fig. 6 A, top) and also coprecipitation with WAVE2 (Fig. 6 A, middle) , indicating that Cdk5 can bind to and phosphorylate WAVE2 in vitro.
Next, to identify which domain of WAVE2 is phosphorylated by Cdk5/p25, we made plasmids encoding WAVE2 domains, Figure 3 . PDGF promotes OPC migration through Fyn kinase. A, OPCs were pretreated with or without 10 M PP1 or PP3, and migration was assayed in Boyden chambers. B, RT-PCR for the mRNAs of nonreceptor tyrosine kinases (non-RTK) in OPCs was performed. The control ␤-actin is also shown. C, To confirm the effects of shRNAs, RT-PCR for Fyn, Yes, or ␤-actin was performed using the mRNAs from OPCs infected with Fyn, Yes, or luciferase shRNA retrovirus. D, E, OPCs infected with Fyn or luciferase shRNA were incubated with or without PDGF in Boyden chambers. The number of migrating cells was counted. F, G, OPC reaggregates infected with Fyn kinase or luciferase shRNA retrovirus were incubated with or without PDGF for 16 h. The distance of migration was measured. PH, Phase-contrast images. H, OPCs were infected with Yes kinase or luciferase shRNA retrovirus were incubated with or without PDGF in Boyden chambers. The number of migrating cells was counted. I, Immunoprecipitates (IP) of endogenous Fyn kinase from the lysates of OPCs were incubated with PDGF for 0 -1440 min and immunoblotted with an antibody recognizing tyrosinephosphorylated residues. Total protein levels of Fyn and ␤-actin are also shown. The band intensity of the phosphorylated Fyn kinase was quantified. Data were evaluated using Student's t test (*p Ͻ 0.01).
namely, the N-terminal region containing the SH domain (SH, amino acids 1-170), the middle region containing a proline-rich internal segment (proline, amino acids 171-284), and the C-terminal VCA domain (VCA, amino acids 285-498), and used these plasmids in an in vitro phosphorylation assay. Cdk5/p25 specifically phosphorylated SH; it also coprecipitated with SH and, to a lesser extent, VCA (Fig. 6 B) . Ser-137 of WAVE2 exists in the consensus Cdk5 phosphorylation sequence [S/T]PX[K/H/R] (Shelton and Johnson, 2004) , which is uniquely conserved among mammalian WAVE2 proteins (Fig. 6C) . To confirm whether Ser-137 is the major phosphorylation site of WAVE2, we next made a WAVE2 construct harboring the Ser-137-to-Ala mutation. As shown in Figure 6 D and E, the S137A mutation clearly impaired phosphorylation by Cdk5/p25. No difference was detected between the binding ability of Cdk5 for wild-type WAVE2 and its binding ability for the S137A mutant (Fig. 6 D, E) .
Thus, Cdk5 primarily phosphorylates WAVE2 at the Ser-137 position whose phosphorylation could have an effect on cellular function.
Cdk5 phosphorylation of WAVE2 mediates oligodendrocyte precursor cell migration
To clarify whether Cdk5 phosphorylates endogenous WAVE2 in OPCs after PDGF stimulation, the lysates of OPCs were immunoprecipitated with an antibody recognizing the Cdk5 target sequence and then immunoblotted with an anti-WAVE2 antibody. Stimulation with PDGF gradually increased phosphorylation of WAVE2 by Cdk5; the level of phosphorylation reached a maximum at 180 min, having increased ϳ9.0-fold (Fig. 7A) . Importantly, WAVE2 phosphorylation remained at an elevated level even after 24 h. This result is also supported by a reciprocal immunoprecipitation experiment. OPC lysates were immunoprecipitated with an anti-WAVE2 antibody and then immunoblotted with an anti-phosphorylated Cdk substrate antibody. Similar to the results described above and shown in Figure 7A , the level of WAVE2 phosphorylation reached a maximum at 30 -180 min and remained at a high level even after 24 h (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). To further confirm that Fyn kinase and Cdk5 are involved in phosphorylation of WAVE2, OPCs were treated with PP1 in one experiment and roscovitine in another. PP1 and roscovitine both reduced the levels of WAVE2 phosphorylation induced by PDGF (Fig. 7 B, C) , indicating that both Fyn kinase and Cdk5 mediate phosphorylation of WAVE2 in OPCs.
Finally, we investigated the role of Cdk5 phosphorylation of WAVE2 at Ser-137 in OPC migration. We infected OPCs with a retrovirus to manipulate expression of wild-type or Ser-137-mutated WAVE2 and assessed the ability of the infected OPCs to migrate. The non-phosphorylation-mimetic S137A mutant-expressing OPCs exhibited impaired PDGF-induced migration from the aggregates (Fig. 7 D, E) . In contrast, the phosphomimetic mutant S137E promoted OPC migration to the level achieved by wildtype WAVE2 with PDGF stimulation (Fig. 7 D, E) . Importantly, this phosphomimetic mutant also promoted migration in the absence of PDGF, suggesting that phosphorylation at Ser-137 is conducive to OPC migration. Wild-type WAVE2 infection, however, had a less suppressive effect on migration (Fig. 7 D, E) . It is known that WAVE2 is a component of multicytoskeletal protein complex (Takenawa and Miki, 2001) . Thus, exogenous WAVE2 may have a weak effect on cytoskeletal protein dynamics. Alternatively, exogenous WAVE2 may be the substrate of endogenous Cdk5 and act as a weak dominant-negative for Cdk5. In either case, it is clear that the mutation of WAVE2 at Ser-137 has an inhibitory effect on migration, which leads us to conclude that Cdk5 phosphorylation of WAVE2 plays a key role in PDGFinduced migration of OPCs.
Discussion
OPCs in the developing CNS are highly migratory: they disperse rapidly from their origin in the ventricular zone to their final destinations. The developmental stages of OPCs are specifically characterized by the expression of distinct transcription factors, growth factors, and cell-surface antigens. In addition, reciprocal interaction between glial and neuronal cells is strictly regulated by various growth factors and their cognate receptors. PDGF is one such regulator; it is the key controller of OPC cellular function. PDGF knock-out mice show a severe dysmyelination phenotype in all parts of the brain, but most dramatically in the optic nerves and in the cerebellum (Fruttiger et al., 1999) . PDGF is secreted along the migratory pathways of OPCs (Ellison et al., 1996) , and OPCs migrate toward a chemical gradient of PDGF (Armstrong et al., 1990) .
Although the effect of PDGF on longdistance OPC migration has been well characterized, knowledge of the molecular mechanisms underlying OPC migration is still fragmentary. Here, we show that stimulation with PDGF promotes OPC migration through the nonreceptor tyrosine kinase Fyn, which is in turn promoted by proline-directed serine/threonine kinase Cdk5. This conclusion is supported by two findings: (1) inhibition of the cellular function of Fyn kinase or Cdk5 by a chemical inhibitor or RNA interference attenuates PDGF-induced OPC migration; (2) PDGF activates Fyn kinase to phosphorylate Cdk5 at Tyr-15. Importantly, we identify WAVE2 as the functional intracellular substrate for Cdk5. We also observe that Cdk5 directly binds to WAVE2 and phosphorylates Ser-137 within the SH domain of WAVE2 in vitro. Stimulation with PDGF in OPCs leads to WAVE2 phosphorylation in cells, whereas infection of WAVE2 harboring the Ser-137-to-Ala mutation inhibits PDGF-induced OPC migration. Together, these results demonstrate that PDGF promotes OPC migration through an unexplored mechanism, namely, a sequential phosphorylation cascade coupling Fyn kinase to Cdk5 to WAVE2.
We also detected the expression of WAVE1 and WAVE3 in primary OPCs. WAVE1-deficient mice show a dramatic decrease in the number of axons as well as prominent defects in the percentage of myelinated axons in the corpus callosum and the optic nerve (Kim HJ et al., 2006) ; in addition, fewer processes are observed in OLs isolated from these mice. WAVE1-deficient cells, however, are still able to migrate normally in most regions of the CNS. Our study indicates that WAVE2 is the major WAVE protein required for PDGF-induced OPC migration. Further studies on the time and space regulation of WAVE family proteins will be required to clarify their complex roles in the developmental process of OLs. Kim Y et al. (2006) reported that Cdk5 phosphorylates WAVE1 at multiple sites, resulting in an increase in dendritic spine formation in hippocampal neurons. They identified three phosphorylation sites located in a proline-rich region of WAVE1, although their sites are not conserved in WAVE2 or WAVE3. . PDGF promotes OPC migration through WAVE2. A, RT-PCR analyses for WAVE mRNAs were performed in OPCs. The control ␤-actin is also shown. B, To confirm the effects of shRNAs for WAVEs, RT-PCR for WAVE1, WAVE2, WAVE3, or ␤-actin was performed using the mRNAs from each group of infected OPCs. C, D, OPCs were infected with WAVE1, WAVE2, WAVE3, or luciferase shRNA retrovirus and incubated with or without PDGF in Boyden chambers. E, F, OPC reaggregates infected with WAVE2 or luciferase shRNA retrovirus were incubated with or without PDGF for 16 h. Data were evaluated using Student's t test (*p Ͻ 0.01). PH, Phase-contrast images.
Here, we identify WAVE2 as the unique substrate of Cdk5 in PDGF-induced OPC migration. Very recently, it has been reported that other proline-directed kinases, namely, extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK), phosphorylate WAVE2 at a proline-rich region in response to growth factors, serum stimulation, and scratch wounding in fibroblasts (Danson et al., 2007) . These phosphorylation events participate in regulating the establishment of polarity and direction of migration. Although it remains unknown whether proline-directed kinases such as ERK and JNK are involved in OPC migration, the ERK pathway, at least, is known to be the mediator of OPC proliferation and presumed to be the mediator of OPC process maturation (Stariha et al., 1997) . The JNK signal, on the other hand, regulates OL survival and cell death (Zhang et al., 1996) . It would be interesting to examine whether other proline-directed kinases may phosphorylate WAVE2 and possible signaling cross talk has an effect on OPC migration.
Cdk5 is expressed in all tissue; however, its kinase activity is likely to be restricted to the nervous system, because its activators, p35 and p39, are expressed solely in the nervous system (Tsai et al., 1994) . We previously reported that p35 but not p39 is expressed in differentiated OLs as well (Miyamoto et al., 2007) (data not shown). Knockdown of p35 reduces the formation of the myelin weblike structures in OLs (Miyamoto et al., 2007) . In this study, we have detected the expression of both p35 and p39 in OPCs. The infection of an shRNA for p39 reduces the level of OPC migration that is achieved by PDGF stimulation, but does not completely eliminate it. In addition to p39 and p35, some nonreceptor tyrosine kinases are required for Cdk5 activation in some systems. In this study, we observe that Fyn kinase plays a key role in PDGF-dependent Cdk5 activation in OPCs. In addition to Fyn kinase (Sasaki et al., 2002) , c-Abl kinase has been shown to phosphorylate Tyr-15 on Cdk5 and to increase its kinase activity in neuronal cells (Zukerberg et al., 2000) . Because Fyn kinase and c-Abl kinase display wide expression, it is conceivable that the phosphorylation of Cdk5 at Tyr-15 may be an important mechanism in the activation of Cdk5.
Fyn kinase also plays an important part in myelination (Umemori et al., 1994) . FynϪ/Ϫ mice develop a myelin sheath that is thinner and more irregular than that found in wild-type mice. The amount of myelin basic protein in FynϪ/Ϫ mice is ϳ50% of that in wild-type mice (Sperber et al., 2001) . Several studies have identified the downstream targets of Fyn kinase in OL differentiation; these substrates include not only the cytoskeletal proteins tau and ␣-tubulin, but also two GTPase-activating proteins (GAPs), p190RhoGAP and p250RhoGAP, which negatively regulate the activity of the small GTPase Rho (Wolf et al., 2001; Klein et al., 2002; Taniguchi et al., 2003) . Interestingly, phosphorylation of p190RhoGAP by Fyn kinase promotes its Rho-GAP activity, resulting in a decrease in Rho activity during OL differentiation. At the same time, the activation of Fyn kinase leads to upregulation of Rac and Cdc42, two other small GTPases. The mechanism by which Rho and Rac/Cdc42 are oppositely controlled is observed in many other signaling systems (Rossman et al., 2005) . Generally, the balance of regulation of Rho versus Rac/Cdc42 is achieved by multiple factors, such as GAPs and GEFs (guanine-nucleotide exchange factors), which dynamically modulate cellular morphological changes. Our studies reveal the importance of Fyn kinase in OPC migration before the onset of OL differentiation and myelination. Because migration and myelination both involve morphological changes (MelendezVasquez et al., 2004; Yamauchi et al., 2004) , it is possible that Fyn kinase also regulates PDGF-dependent OPC migration through Rho GTPases.
In the present study, we identify the critical role of Cdk5 in PDGF-induced OPC migration. Cdk5 acts as a mediator of a Figure 6 . Cdk5 directly binds and phosphorylates WAVE2 at Ser-137. A, 293T cells were transfected with the plasmid encoding GFP-tagged wild-type WAVE2. The lysates of transfected cells were immunoprecipitated with an anti-GFP antibody. Immobilized GFP-WAVE2 protein was incubated in 30 l of reaction buffer containing 20 M cold ATP in the presence or absence of recombinant Cdk5/p25 (100 ng) for 15 min, washed, and immunoblotted with an antibody recognizing phosphorylated Cdk5 substrate or Cdk5. The cell lysates were also immunoblotted with an anti-GFP antibody. B, 293T cells were transfected with the plasmid encoding GFPtagged SH, proline, or VCA of WAVE2 protein. The lysates of transfected cells were immunoprecipitated with an anti-GFP antibody, incubated with Cdk5/p25 and ATP, and immunoblotted with an antibody recognizing phosphorylated Cdk5 substrate or Cdk5. Total levels of GFP-WAVE2 domains are also shown. C, The amino acid sequences of rat, mouse, and human WAVE2 containing a serine or tyrosine residue in the SH domain are shown. D, Cells were transfected with the plasmid encoding GFP-tagged wild-type WAVE2 or WAVE2 S137A, immunoprecipitated with an anti-GFP antibody, and incubated with Cdk5/p25 and ATP. The serine phosphorylation of the constructs and their expression are also shown. E, Quantification of the WAVE2 phosphorylation was performed. Data were evaluated using Student's t test (*p Ͻ 0.01). IP, Immunoprecipitate.
sequential cascade linking Fyn kinase to WAVE2 after PDGF stimulation. As far as we know, this is the first report on the involvement of Cdk5 in OPC migration and the first identification of WAVE2 as a functional substrate of Cdk5. Because migration precedes myelination, certain common mechanisms may be preserved in both processes. Studies like this will thus provide not only new insights into OL biology but also possible therapeutic approaches for CNS diseases such as demyelination and damaged myelin. (H-110) . The cell lysates were also immunoblotted with an anti-WAVE2 or ␤-actin antibody. B, C, OPCs were pretreated with or without 10 M PP1 (B) or 10 M roscovitine (C). After incubation with PDGF for 360 min, serine phosphorylation of WAVE2 was assayed. D, E, OPCs were infected with the retro-IRES, wild-type WAVE2, WAVE2 S137A, or WAVE2 S137E. At 16 h after stimulation with PDGF, reaggregates were fixed with paraformaldehyde, blocked, and stained with an anti-ZsGreen antibody (green). Data were evaluated using Student's t test (*p Ͻ 0.01). IP, Immunoprecipitate.
